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Uncoating of Clathrin-Coated Vesicles
in Presynaptic Terminals: Roles
for Hsc70 and Auxilin
undergoing multiple rounds of clathrin binding and ATP
hydrolysis, thereby releasing clathrin triskelia and other
coat proteins from CCVs (Braell et al., 1984; Schlossman
et al., 1984; Barouch et al., 1994; Hannan et al., 1998).
This uncoating of neuronal CCVs is dramatically stimu-
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Durham, North Carolina 27710 lated by auxilin (Prasad et al., 1993; Ungewickell et al.,
1995). Auxilin is a clathrin binding protein (Holstein et2Department of Biochemistry
University of Texas Health Science Center al., 1996; Greener et al., 2000) and is a member of the
DnaJ class of proteins that contains a conserved J do-at San Antonio
San Antonio, Texas 78245 main (Ungewickell et al., 1995). Similar to other DnaJ
homologs, auxilin binds to Hsc70 via its J domain and3Marine Biological Laboratory
Woods Hole, Massachusetts 02543 stimulates the ATPase activity of Hsc70, which then
greatly enhances the release of clathrin from CCVs (Unge-
wickell et al., 1995; Holstein et al., 1996). Auxilin homo-
logs have now been identified in several species, includ-Summary
ing yeast, C. elegans, and mammals (Gall et al., 2000;
Greener et al., 2000, 2001; Pishvaee et al., 2000; UmedaWe have examined the roles of Hsc70 and auxilin in the
uncoating of clathrin-coated vesicles (CCVs) during et al., 2000; Lemmon, 2001). Mammalian isoforms in-
clude the neuron-specific auxilin 1 and the ubiquitouslyneuronal endocytosis. We identified two peptides that
inhibit the ability of Hsc70 and auxilin to uncoat CCVs expressed auxilin 2 (also called G-cyclin associated ki-
nase, or GAK; Ahle and Ungewickell, 1990; Ungewickellin vitro. When injected into nerve terminals, these pep-
tides inhibited both synaptic transmission and CCV et al., 1995; Kanaoka et al., 1997; Kimura et al., 1997;
Greener et al., 2000; Umeda et al., 2000). The amino aciduncoating. Mutation of a conserved HPD motif within
the J domain of auxilin prevented binding to Hsc70 in sequences of auxilin are somewhat divergent between
species. However, all auxilin homologs have in commonvitro and injecting this mutant protein inhibited CCV
uncoating in vivo, demonstrating that the interaction both a clathrin binding domain and a J domain (Gall et
al., 2000; Greener et al., 2000, 2001; Pishvaee et al.,of auxilin with Hsc70 is critical for CCV uncoating.
These studies establish that auxilin and Hsc70 partici- 2000; Lemmon, 2001).
Based on these biochemical observations, a plausiblepate in synaptic vesicle recycling in neurons and that
an interaction between these proteins is required for model for CCV uncoating is that auxilin first is targeted
to CCVs by its clathrin binding domain. Hsc70 wouldCCV uncoating.
then be recruited to the CCV by binding to the J domain
of auxilin; this interaction then could stimulate theIntroduction
ATPase activity of Hsc70 to release clathrin monomers
from CCVs. Recent experimental tests in non-neuronalThe rapid consumption of synaptic vesicles during neu-
rotransmitter release necessitates a local mechanism cells are consistent with this model (Pishvaee et al.,
2000; Greener et al., 2001; Zhao et al., 2001). Here, wefor recycling synaptic vesicles. One way that synaptic
vesicles are recycled is via clathrin-mediated endocyto- test the applicability of this model to neuronal endocyto-
sis. We define a motif within auxilin that mediates thesis. Formation of clathrin-coated vesicles (CCVs) in pre-
synaptic terminals requires the coordinated action of interaction of this protein with Hsc70, and demonstrate
that this interaction is essential for CCV uncoating andmany clathrin-associated proteins, including clathrin as-
sembly proteins, dynamin, and other accessory proteins synaptic transmission in vivo. Thus, it appears that auxi-
lin and Hsc70 are required for synaptic vesicle recycling(Heuser and Reese, 1973; Maycox et al., 1992; Takei et
al., 1996; Zhang et al., 1998; Morgan et al., 1999; Morgan in presynaptic nerve terminals.
et al., 2000; Slepnev and De Camilli, 2000). In contrast,
very little is known about how these synaptic CCVs are Results
uncoated.
Hints about the mechanism of uncoating of synaptic CytC Pep and Auxilin Pep Inhibit Uncoating In Vitro
CCVs come from biochemical studies of the Hsc70 To evaluate the role of Hsc70 in CCV uncoating in neu-
chaperone protein and its cofactor auxilin (Schlossman rons, we first used in vitro measurements to identify and
et al., 1984; Ungewickell et al., 1995). Hsc70 is a constitu- characterize reagents that inhibit clathrin uncoating. For
tively expressed member of the heat shock protein fam- this purpose, we tested two peptides that are known
ily; these ATPases perform numerous functions in cells, to bind Hsc70 and thus might perturb Hsc70 binding
including protein translocation, protein folding, assem- interactions with clathrin cages. One was a peptide de-
bly of multi-subunit proteins, and antigen presentation rived from cytochrome C (CytC pep), which binds specif-
(Mayer and Bukau, 1998). Hsc70 also disrupts the inter- ically to the substrate binding domain of Hsc70 (Van-
action of clathrin molecules with each other in vitro by buskirk et al., 1989) and displaces clathrin (Greene et
al., 1995). The other peptide was derived from the J
domain of auxilin (Auxilin pep) and is thought to bind4Correspondence: georgea@neuro.duke.edu
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CytC Pep and Auxilin Pep Inhibit Synaptic
Transmission
Given that CCV formation is essential for synaptic vesi-
cle recycling (Gonzalez-Gaitan and Jackle, 1997; Zhang
et al., 1998; Morgan et al., 1999, 2000), CCV uncoating
should also be important. As an initial test of this hypoth-
esis, we microinjected CytC pep or Auxilin pep into squid
giant presynaptic terminals while measuring neurotrans-
mitter release. Preventing CCV uncoating in vivo should
prevent the replenishment of CCVs to the releasable
pool and, therefore, inhibit neurotransmitter release.
Neurotransmitter release was measured by monitoring
the initial rate of rise (slope) of postsynaptic potentials
(PSPs) evoked by low frequency (0.03 Hz) presynaptic
stimulation.
Injection of CytC pep (Figures 2A and 2B; Table 1)
inhibited neurotransmitter release without affecting pre-
synaptic action potentials. Very similar effects also were
observed following injection of Auxilin pep (Figures 2E
and 2F; Table 1). In both cases, the inhibition of neuro-
transmitter release was reversible, indicating that the
effect was not due to microinjection damage to the nerve
terminal. Given that the peptides were coinjected with
a fluorescent dye, it was possible to measure the intra-
terminal concentrations of the injected peptides at the
point of maximal inhibition of neurotransmitter release.
These measurements revealed that both CytC pep and
Figure 1. CytC Pep and Auxilin Pep Inhibit Clathrin Uncoating Auxilin pep inhibited neurotransmitter release in a con-
In Vitro centration-dependent manner (Figures 2D and 2H). Fur-
(A) Uncoating occurs in vitro when CCVs are treated with Hsc70, ther evidence for the specificity of these peptides comes
auxilin, and ATP. CytC pep produced a concentration-dependent
from control experiments in which RNaseS pep or Scraminhibition of uncoating, while RNaseS pep had very little effect. (B)
auxilin pep were injected into the presynaptic terminal.Auxilin pep also produced a concentration-dependent inhibition of
Neither RNaseS pep nor Scram auxilin pep (Figures 2CCCV uncoating in vitro, whereas Scram auxilin pep had much less
effect. In both panels, data points represent the mean of three inde- and 2G; Table 1) had much effect on neurotransmitter
pendent experiments and error bars indicate  SEM; smooth lines release. These peptides had very little effect on transmit-
are rectangular hyperbolic fits. ter release at intraterminal concentrations as high as 3
mM, concentrations at which CytC pep and auxilin pep
both produced large inhibitory effects (Figures 2D and
the ATPase domain of Hsc70 (Tsai and Douglas, 1996; 2H). The parallels between the actions of these peptides
Jiang et al., 1997; Greene et al., 1998). Given that CytC upon Hsc70 activity in vitro and neurotransmitter release
pep and Auxilin pep bind directly to Hsc70, we tested indicate that Hsc70 is essential for maintaining synaptic
whether these peptides affect the ability of Hsc70 and transmission.
auxilin to uncoat clathrin.
Clathrin uncoating can be measured in vitro by adding CytC Pep and Auxilin Pep Inhibit CCV
auxilin and Hsc70 to preassembled clathrin cages in Uncoating In Vivo
the presence of ATP, and then quantifying the resulting If CytC pep and Auxilin pep inhibit CCV uncoating, then
release of clathrin from the cages (Prasad et al., 1993; terminals injected with these peptides should exhibit an
Ungewickell et al., 1995; Pishvaee et al., 2000; Greener increase in CCVs compared to those injected with inert
et al., 2001). Under such conditions, CytC pep caused control peptides, such as RNaseS pep and Scram auxilin
a dose-dependent inhibition of uncoating (Figure 1A; pep. We tested this prediction by injecting terminals
Table 1). This is consistent with previously published with CytC pep and Auxilin pep until neurotransmitter
work (Greene et al., 1995). A control peptide (RNaseS release was inhibited by 95%. The injected terminals
pep), which binds Hsc70 very weakly compared to CytC were then fixed and subsequently examined with elec-
pep, had no effect on uncoating (Figure 1A; Table 1; tron microscopy. Images of terminals injected with CytC
Greene et al., 1995). Similarly, Auxilin pep also inhibited pep and Auxilin pep revealed changes in presynaptic
uncoating in vitro, whereas a mutant form of Auxilin pep morphology when compared to images from terminals
with scrambled end residues (Scram auxilin pep) had injected with RNaseS or Scram auxilin pep (Figures 3A
much less effect on uncoating (Figure 1B; Table 1). Thus, and 3D). One striking difference was that the terminals
both CytC pep and Auxilin pep inhibit uncoating in vitro injected with CytC pep and Auxilin pep each had more
by disrupting the interaction of Hsc70 with clathrin CCVs than controls (Figures 3A and 3D). To quantify this
cages. These peptides provided us with two reagents effect, the number of CCVs was counted throughout
terminals injected with each peptide. This analysis re-to perturb Hsc70 function in nerve terminals.
Auxilin-Hsc70 Mediates Vesicle Uncoating
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Table 1. Effects of Peptides and Proteins on CCV Uncoating In Vitro and Synaptic Transmission In Vivo
IC50 of IC50 of % Inhibition
Peptides Uncoating Transmission of Transmission
Cyt C pep: KLIGVLSSLFPPK 0.4  0 mM (3)1 0.6 mM 64  7.0 (18)
RnaseS pep: KETAAAKFERQHMDSSTSAA UQ2 (2) UQ 2  1.1 (7)
Auxilin pep: TPEQVKKVYRKAVLVVHPDK 1.0  0.1 mM (3) 1.7 mM 36  4.8 (28)
Scram auxilin pep: DHPQVKKVYRKAVLVVPTEK UQ (3) UQ 7  1.7 (28)
Proteins
Auxilin HPD: 0.95  0.1 M (2) 60 M 47  7.6 (12)
Auxilin (WT): UQ 14  3.4 (12)
1 Numbers in parentheses indicate number of experiments performed.
2 UQ—unquantified, because inhibition was less than 50% at the highest concentration tested.
vealed that CytC pep-injected terminals exhibited 100% sin-like domain was removed because recombinant
auxilin was poorly expressed in bacteria when this do-more coated vesicles than RNaseS pep-injected termi-
nals (Figure 3B; p  0.05; Student’s t test) and that main was present. Given that this construct retained all
known biochemical activities of auxilin—clathrin bind-Auxilin pep-injected terminals had 50% more coated
vesicles than terminals injected with Scram auxilin pep ing, AP-2 binding, Hsc70 binding, stimulation of Hsc70
ATPase activity, and clathrin uncoating—we refer to it(Figure 3E; p  0.05; Student’s t test). These structural
changes suggest that both CytC pep and Auxilin pep simply as “auxilin” (Ungewickell et al., 1995; Holstein et
al., 1996; Owen et al., 1999). The HPD motif (aa 874–876)block CCV uncoating in vivo. To determine whether CytC
pep and Auxilin pep had other structural effects, we within this construct was mutated to AAA by site-
directed mutagenesis (auxilin HPD). This change didcounted the number of synaptic vesicles at the active
zones. There was a modest decrease in the number of not appear to disrupt protein folding because the protein
was well expressed and was capable of assemblingsynaptic vesicles in terminals injected with either CytC
pep (12%; p  0.05) or Auxilin pep (19%; p  0.05) clathrin (data not shown), consistent with earlier obser-
vations that clathrin binds to a site other than the Jcompared to the controls (Figures 3C and 3F), sug-
gesting that the block of uncoating impaired synaptic domain (Ungewickell et al., 1995; Holstein et al., 1996).
We next measured the interaction between auxilin andvesicle recycling. We conclude that both CytC pep and
Auxilin pep inhibit CCV uncoating in vivo and, thus, that Hsc70. To do this, we developed a novel assay based
on surface plasmon resonance (SPR; Suh et al., 1998).Hsc70 is important for CCV uncoating and synaptic vesi-
cle trafficking. However, the decrease in transmitter re- Wild-type auxilin or auxilin HPD were immobilized on
adjacent surfaces of a Biacore chip and Hsc70 waslease produced by these peptides does not appear to
be due to depletion of synaptic vesicles and, instead, passed over the two surfaces in the presence of ATP.
During the time of Hsc70 exposure, we observed a time-suggests an additional action of Hsc70 in exocytosis
(Bronk et al., 2001). dependent increase in the SPR response of the surface
containing wild-type auxilin (Figure 4B). Following the
removal of free Hsc70, the SPR response returned toAuxilin’s HPD Motif Mediates ATP-Dependent
baseline levels as the Hsc70 dissociated from the auxilinHsc70 Binding In Vitro
surface. In the absence of ATP, no time-dependent bind-Having established that Hsc70 is important for synaptic
ing of Hsc70 was observed (Figure 4C). The small, time-transmission and for CCV uncoating in nerve terminals,
independent signal observed was due to a minute differ-we next set out to examine the specific role of the inter-
ence in the index of refraction of the solution containingaction between Hsc70 and auxilin. Although the amino
Hsc70 and does not reflect binding of Hsc70 to auxilin.acid residues on Hsc70 critical for binding to auxilin are
Such ATP-dependent binding of Hsc70 to auxilin is con-unknown, it is known that Hsc70 interacts somewhere
sistent with previously published work utilizing otherwithin the J domain of auxilin and that this interaction
assay systems (Holstein et al., 1996; Jiang et al., 1997).is required for the stimulation of CCV uncoating by auxi-
When the chip surface contained auxilin HPD, no bind-lin in vitro (Ungewickell et al., 1995; Holstein et al., 1996;
ing was observed either with or without ATP (FiguresJiang et al., 1997). Because a well-conserved HPD motif
4B and 4C). This indicates that Hsc70 binds to wild-typein other J domain proteins has been shown to be critical
auxilin, but not to auxilinHPD. We conclude that Hsc70for interactions with Hsc70, it is possible that the HPD
binds to the J domain of auxilin through the well-con-motif within auxilin is likewise a major contributor to its
served HPD motif.Hsc70 binding site (Tsai and Douglas, 1996; Chamber-
lain and Burgoyne, 1997; Kelley, 1998; Zhang et al.,
1999). We hypothesized that Hsc70 binds to auxilin’s J Auxilin HPD Inhibits CCV Uncoating
To determine whether binding to auxilin is critical fordomain at the HPD motif and that this binding event
recruits Hsc70 to CCVs for uncoating. Hsc70 recruitment during CCV uncoating, we compared
the ability of wild-type and mutant auxilin to recruitTo test these possibilities, we used an auxilin con-
struct (amino acids 547–910) containing the clathrin Hsc70 to preassembled clathrin cages. We found that
wild-type auxilin was very efficient at recruiting Hsc70binding domain and the J domain (Figure 4A). The ten-
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Figure 2. CytC Pep and Auxilin Pep Inhibit Neurotransmitter Release
(A and E) Recordings of presynaptic (Vpre) and postsynaptic (Vpost) responses before (Control) and following injection of CytC pep (A) and
auxilin pep (E). CytC pep and auxilin pep transiently reduced transmitter release below the threshold for eliciting a postsynaptic action
potential. Vertical scale bar applies to Vpost (upper) and Vpre (lower) traces, respectively. (B and F) Time course of inhibition of neurotransmitter
release by CytC pep (B) and auxilin pep (F), injected during the two time periods indicated by bars. Synaptic transmission was quantified by
measuring the slope (dV/dt) of postsynaptic responses. (C and G) Neither RNaseS pep (C) nor Scram auxilin pep (G) had an effect on transmitter
release. (D and H) Relationship between the intraterminal concentration of either CytC pep (D) or auxilin pep (H) and degree of inhibition of
synaptic transmission caused by injection of these peptides. Points indicate the means of 2–10 measurements from independent experiments
and error bars indicate  SEM; smooth lines are rectangular hyperbolic fits to the data.
to clathrin cages at highly sub-stoichiometric concentra- cate that the HPD-mediated interaction between auxilin
and Hsc70 is critical for Hsc70 recruitment and uncoat-tions, while even 10-fold higher concentrations of auxilin
HPD did not (Figure 4D). Likewise, while wild-type auxi- ing in vitro. Most importantly, auxilin HPD competi-
tively inhibited uncoating by wild-type auxilin in a con-lin could catalyze the uncoating of preassembled
clathrin cages, auxilinHPD did not promote uncoating, centration-dependent manner (Figure 5B; Table 1).
Thus, auxilin HPD can serve as a selective inhibitor ofeven at concentrations where auxilin-promoted uncoat-
ing is normally saturated (Figure 5A). These results indi- CCV uncoating.
Auxilin-Hsc70 Mediates Vesicle Uncoating
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Figure 3. CytC Pep and Auxilin Pep Inhibit CCV Uncoating In Vivo
(A) Representative electron microscopic images of active zones from terminals injected with CytC pep or RNase pep. Red circles indicate
the coated vesicles (CVs) and asterisks mark the postsynaptic spines. Calibration bar applies to all EM images in this figure. (B–C) Quantification
of the number of coated vesicles and synaptic vesicles (SVs) in terminals injected with CytC pep or RNaseS pep. Data represent the mean
values and standard error from 307 active zones (AZs) from two CytC peptide-injected terminals and 306 AZs from two RNaseS peptide-
injected terminals. CytC pep significantly increased the mean number of CVs (B) and reduced the number of SVs (C) per AZ. (D) Electron
microscopic images from terminals injected with Auxilin pep or, as a control, Scram auxilin pep. (E–F) Quantification of the number of CVs
and SVs in terminals injected with these two reagents. Data represent the mean values and standard error from 157 AZs from two Auxilin
peptide-injected terminals and 295 AZs from two Scram auxilin peptide-injected terminals. Auxilin pep significantly increased the mean number
of CVs (E) and reduced the number of SVs (F) found per AZ.
Auxilin HPD next was injected into presynaptic ter- uncoating in vivo. Injection of auxilin HPD completely
inhibited neurotransmitter release evoked by low fre-minals to determine whether the HPD-mediated interac-
tion between auxilin and Hsc70 is important for CCV quency stimuli (Figure 6A). This effect on synaptic trans-
Neuron
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Figure 5. Auxilin HPD Inhibits CCV Uncoating In Vitro
(A) Wild-type auxilin produces a concentration-dependent release
of clathrin from preassembled clathrin cages, whereas auxilin HPD
has no effect at all concentrations tested. (B) Uncoating of clathrin
cages occurs in vitro when Hsc70 and wild-type auxilin (0.1 M) are
present. Auxilin HPD produces a concentration-dependent inhibi-
tion of uncoating. In both panels, points represent the mean values
obtained from 2–3 independent experiments; error bars indicate 
SEM. Smooth curves are rectangular hyperbolic fits to the data.
mission was partially reversible (data not shown). In con-
trast, injection of auxilin had little effect on transmitter
release (Figure 6B). The inhibition of synaptic transmis-
sion by auxilin HPD was concentration dependent and
required only micromolar concentrations of this protein
(Figures 6A and 6C), whereas injection of wild-type auxi-
lin had little effect at any concentration tested (Figures
6B and 6C; Table 1). Thus, the HPD-mediated interaction
between auxilin and Hsc70 is essential for maintaining
neurotransmitter release.
We next determined whether auxilin HPD interferes
with CCV uncoating. For this purpose, we compared the
numbers of coated vesicles in terminals injected with
auxilin HPD and wild-type auxilin. Images of terminals
injected with auxilin HPD revealed more coated vesi-
cles and fewer synaptic vesicles than those from termi-
nals injected with auxilin (Figure 7A). Measurements of
Figure 4. Loss of the HPD Motif Prevents Binding of Auxilin to Hsc70
CCV numbers indicated that terminals injected with aux-
(A) Diagram of auxilin and the auxilin constructs used in this study.
ilin HPD had 500% more CCVs than were present in(B) Time course of binding of Hsc70 to auxilin in the presence of
terminals injected with wild-type auxilin (Figure 7B; p ATP, as monitored by SPR. Traces illustrate the SPR response as
0.05; Student’s t test). This indicated that auxilin HPDa function of time. During the time indicated by the bars, Hsc70 was
passed over surfaces to which either wild-type auxilin or auxilin blocks CCV uncoating in vivo. The number of synaptic
HPD had been covalently coupled. (C) Experiment similar to that vesicles was also counted and revealed that terminals
shown in (B), except in the absence of ATP. Note that the responses injected with auxilinHPD had 52% fewer synaptic vesi-
of auxilin and auxilin HPD surfaces to Hsc70 are superimposed. (D)
cles than terminals injected with wild-type auxilin (FigureBinding of Hsc70 to clathrin cages. Binding occurs in the presence of
7C; p  0.05). This indicates that auxilin HPD alsowild-type auxilin, but not in the presence of auxilin HPD.
blocks reformation of synaptic vesicles.
To determine the step at which auxilin HPD blocked
synaptic vesicle recycling, we measured the membrane
Auxilin-Hsc70 Mediates Vesicle Uncoating
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mediated interaction between auxilin and Hsc70 is es-
sential for uncoating CCVs in neurons.
Discussion
Hsc70 and Auxilin Mediate CCV Uncoating
in Neurons
This study establishes a clear role for Hsc70 and auxilin
in uncoating of CCVs in presynaptic nerve terminals.
Our evidence derives from three different reagents that
inhibit uncoating both in vitro and in living nerve termi-
nals. One reagent was CytC pep, which was first discov-
ered as an Hsc70 substrate that plays a role in antigen
presentation (Lakey et al., 1987). Because CytC pep
binds to the same site on Hsc70 as clathrin, we were
able to use this peptide to inhibit the interaction of Hsc70
with clathrin. This peptide inhibited CCV uncoating both
in vitro and in vivo (Figures 1, 2, and 3; Table 1; Greene
et al., 1995). The specificity of CytC pep for Hsc70 has
been well established by affinity chromatography stud-
ies (Lakey et al., 1987; Vanbuskirk et al., 1989). The
control utilized in these studies was RNaseS pep, a
complementary peptide that has only a very weak affin-
ity for Hsc70 (Greene et al., 1995) and therefore had no
effect on uncoating either in vitro or in vivo (Figures 1,
2, and 3; Table 1). A second reagent that we employed
was a peptide from the J domain of auxilin that contained
an HPD motif (Tsai and Douglas, 1996; Han et al., 2000).
Given that the HPD motif is critical for binding of Hsc70
to auxilin (Figure 4), this peptide was expected to inhibit
CCV uncoating by binding to the J domain binding site
on Hsc70 and, thereby, inhibiting the interaction of
Hsc70 with auxilin. Indeed, this peptide inhibited un-
coating both in vitro and in vivo (Figures 1, 2, and 3;
Table 1). In support of the specificity of this reagent,
we found that a peptide in which the HPD motif was
scrambled was much less efficient at inhibiting uncoat-
Figure 6. Auxilin HPD Inhibits Neurotransmitter Release ing in vitro and had no effect on synaptic transmission
(A) Time course of inhibition of neurotransmitter release by auxilin in vivo (Figures 1, 2, and 3; Table 1). The third reagent
HPD. Mutant protein was injected during the time indicated by the was a protein (auxilin HPD) possessing a mutation that
bar. (B) In contrast, wild-type auxilin has little effect on transmitter
eliminated Hsc70 binding (Figure 4) but contained therelease. (C) Auxilin HPD produces a dose-dependent inhibition on
clathrin binding domain of auxilin, so that it could betransmitter release, whereas wild-type auxilin has but a modest
specifically targeted to coated vesicles. Auxilin HPDeffect at all concentrations. Data points represent the average maxi-
mal inhibition measured in 2–5 independent injection experiments. was unable to recruit Hsc70 to clathrin cages and was
Error bars indicate  SEM. unable to uncoat clathrin cages. Further, this mutant
protein competitively inhibited uncoating mediated by
wild-type auxilin in vitro (Figure 5; Table 1). In vivo, auxilin
HPD displayed the largest relative inhibition of uncoat-area associated with various membrane compartments
in the nerve terminal (Burns et al., 1998; Morgan et al., ing, with 500% more coated vesicles in terminals in-
jected with auxilin HPD versus wild-type auxilin (Fig-1999) and compared these measurements to those ob-
tained from terminals injected with wild-type auxilin. ures 6 and 7). The specificity of auxilin HPD in vivo
was well supported by the finding that the wild-typeThis analysis revealed that the loss in synaptic vesicle
membrane area seen in the presence of auxilin HPD protein, which differed by only three amino acids, had
a minimal effect on synaptic transmission (Figures 6 andwas paralleled by a quantitatively similar increase in
plasma membrane area, while endosomal area was un- 7; Table 1).
The consistency between the biochemical, functional,changed (Figure 7D). Synaptic vesicle diameters were
unchanged in terminals injected with auxilin HPD and structural effects produced by three different re-
agents that interfere with Hsc70/auxilin in vitro suggests(70.3 0.1 nm; n 700 SVs) compared to those injected
with auxilin (70.4  0.1 nm; n  700 SVs). These results that all three reagents also interfere with Hsc70/auxilin
in vivo. When injected into the squid giant presynapticindicate that auxilin HPD blocked CCV uncoating and
subsequently trapped synaptic vesicle membrane in the terminal, all of these reagents decreased the number of
synaptic vesicles and increased the number of CCVs.plasma membrane as the vesicle recycling process was
inhibited (Morgan et al., 1999, 2000). Thus, the HPD- Such changes would be predicted from a blockade of
Neuron
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Figure 7. Auxilin HPD Inhibits CCV Uncoat-
ing In Vivo
(A) Electron microscope images of terminals
injected with auxilin HPD or auxilin. Termi-
nals injected with auxilin HPD exhibited an
increase in the number of CCVs (red circles)
and a decrease in SVs. (B–C) Quantification
of the number of CVs and SVs in terminals
injected with these two reagents. Data repre-
sent the mean values and standard error of
167 AZs analyzed from two auxilin-injected
terminals and 264 AZs analyzed from two ter-
minals injected with auxilin HPD. Auxilin
HPD caused a significant increase in CVs
(B) and a significant decrease in SVs (C). (D)
The mean area of membrane within vesicular
endosomes (Endo), SVs, CVs, and the presyn-
aptic plasma membrane (PM) was measured
for each section in auxilin HPD and wild-
type auxilin-injected terminals. The decrease
in SV membrane area is paralleled by an in-
crease in PM area.
CCV uncoating, so we conclude that auxilin and Hsc70 The effects on vesicle trafficking that we observed oc-
curred when the synapse was stimulated at a very loware required for CCV uncoating. In contrast, genetic dis-
ruption of Hsc70-4 did not affect synaptic vesicle recy- rate (0.03 Hz), indicating that CCV uncoating is important
for vesicle recycling in nerve terminals undergoing mod-cling in Drosophila (Bronk et al., 2001). This negative
result probably arose because some other protein— est levels of activity. This is consistent with studies
showing that clathrin assembly also occurs during lowsuch as Hsp70 (which was upregulated following
chronic disruption of Hsc70-4) or one of the other iso- rates of activity (Morgan et al., 1999, 2000). Knockout
of the gene for synaptojanin, which also causes CCVsforms of Hsc70—was able to participate in the uncoating
reaction. to accumulate, impairs transmission during high levels
of synaptic activity (Cremona et al., 1999). Taken to-The inhibition of transmitter release by the microin-
jected peptides also indicates a second role for Hsc70 gether, these results indicate that CCV uncoating is es-
sential for replenishing synaptic vesicles to a releasablein synaptic vesicle exocytosis. Auxilin pep and CytC pep
were both capable of completely inhibiting neurotrans- pool whether the nerve terminal is undergoing modest
or heavy levels of activity.mitter release (Figure 2), yet produced only a modest
depletion of synaptic vesicles (Figure 3). Therefore, it is Although the mechanisms involved in assembling
clathrin coats and in budding clathrin-coated vesicleslikely that auxilin pep and CytC pep affected synaptic
vesicle exocytosis in addition to their effects on CCV from the presynaptic plasma membrane have received
substantial experimental attention (De Camilli et al.,uncoating. Given that CytC pep and auxilin pep probably
bind to Hsc70 in vivo, these peptides could have also 2001; Pishvaee and Payne, 1998), remarkably little is
known about how these vesicles are subsequently un-prevented Hsc70 from interacting with other J domain-
containing proteins, such as the cysteine-string pro- coated. Our work provides evidence that auxilin and
Hsc70 play roles in this process. Our results are consis-teins, that are involved in neurotransmitter release
(Chamberlain and Burgoyne, 1997). In support of this tent with the model that auxilin serves to recruit Hsc70
to CCVs and stimulate the ATPase activity of Hsc70possibility, a recent report indicates that Hsc70 is critical
for evoked neurotransmitter release in Drosophila and to dissociate clathrin from the CCV. Thus, these two
proteins appear to control a key reaction in the synapticacts by interacting with the cysteine string proteins
(Bronk et al., 2001). vesicle trafficking cycle. In vivo evidence supporting this
model also is beginning to accumulate in non-neuronalOur work also allows us to conclude that CCV uncoat-
ing is critical for replenishing recycled synaptic vesicles. cells. Deletion of the yeast homolog of auxilin (swa2p/
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aux1p) results in membrane trafficking defects that in- cytosolic pool into aggregates (Tebar et al., 1999;
Umeda et al., 2000; Zhao et al., 2001). However, clathrinclude a 3-fold increase in CCVs, indicating that auxilin
aggregation is unlikely to have occurred in our experi-is involved in uncoating in these cells (Gall et al., 2000;
ments because the wild-type auxilin protein, whichPishvaee et al., 2000). Inhibition of auxilin expression,
should similarly bind to clathrin, had minimal effects onvia RNA-mediated interference, causes marked reduc-
synaptic transmission or presynaptic structure (Figurestions in receptor-mediated endocytosis and clathrin dy-
6 and 7). The reduction in SVs could also occur bynamics in C. elegans oocytes (Greener et al., 2001).
inhibiting the formation of CCVs, as occurs when clathrinHsc70 ATPase domain mutants also act as dominant
assembly inhibitors are injected (Morgan et al., 1999,negative inhibitors of receptor-mediated endocytosis in
2000). However, there is no evidence that auxilin directlynon-neuronal cells (Newmyer and Schmid, 2001). Our
inhibits clathrin assembly; both wild-type and mutantwork extends these studies by showing that auxilin and
auxilin can assemble clathrin in vitro (Holstein et al.,Hsc70 are involved in CCV uncoating in neurons as well
1996; data not shown) and, in fact, we observed anas in non-neuronal cells.
abundance of CCVs in auxilin HPD-injected terminalsWhile previous studies have defined roles for both
(Figure 7).auxilin and Hsc70 in endocytosis in a variety of cell
Instead, it is likely that the reduction in the numbertypes, it was not established whether these proteins
of synaptic vesicles reflects the lack of availability ofwork via a direct interaction because both auxilin and
essential coat proteins—such as free clathrin, AP180,Hsc70 interact with multiple binding partners. Our site-
AP-2, and/or other constituents—because these pro-directed mutagenesis revealed that the HPD motif within
teins were trapped in CCVs that were unable to uncoat.the J domain of auxilin is essential for binding to Hsc70,
This interpretation is supported by the finding that mem-recruiting Hsc70 to clathrin cages, and uncoating of
brane budding is impaired, as indicated by an increaseclathrin cages in vitro (Figures 4 and 5), as well as for
in the plasma membrane area in terminals injected withCCV uncoating and synaptic transmission in vivo (Fig-
auxilin HPD (Figure 7). This suggests that one or moreures 6 and 7). Thus, our results indicate that the interac-
components of the CCV coats are present in rate-limitingtion between these two proteins is required for each
amounts, consistent with previous indications that theto work in CCV uncoating. In addition, although Hsc70
concentration of AP180 is limited in the nerve terminalbinding and CCV uncoating in vitro requires the J domain
(Morgan et al., 1999). Thus, the coat proteins play aof auxilin (Ungewickell et al., 1995; Holstein et al., 1996;
prominent role in maintaining the relative balance ofJiang et al., 1997), the precise sites of interaction of
cytosolic and membrane bound forms of clathrin, whichthese two proteins were unknown. Our results establish
becomes particularly evident during synaptic vesicle re-that the HPD motif contributes significantly to the ener-
cycling.getics of the binding interaction between these two pro-
The reagents that prevent the uncoating of CCVsteins.
therefore allow us to estimate the amount of coat pro-Based on the extensive similarity between membrane
teins present at an active zone. A single section throughtrafficking machinery in yeast and higher eukaryotic
an active zone of terminals injected with inhibitors ofcells, it appears that the synaptic vesicle fusion machin-
CCV uncoating contained 2–4 CCVs (Figures 3 and 7).ery evolved from the earliest eukaryotic cells (Bennett
Given that each active zone is 1 m in diameter andand Scheller, 1993; Rothman, 1994; Hanson et al., 1997).
that each section is 0.08 m thick, there are approxi-Our demonstration that the HPD tripeptide within auxi-
mately 25–50 CCVs per active zone when uncoating islin’s J domain is critical for synaptic vesicle recycling
blocked. This indicates that cytosolic coat proteins cansuggests that endocytosis also employs conserved
form a maximum of 25–50 CCVs per active zone beforemechanisms. Similar point mutations in the HPD tripep-
these proteins become depleted.tide of E. coli DnaJ abrogate the binding of DnaJ to its
There is evidence that endocytosis at a variety of
chaperone protein, DnaK, and inhibit the function of
synapses is limited by the rate of vesicle budding rather
DnaK in bacteria (Wall et al., 1994; Kelley, 1998). There-
than the rate of vesicle fusion (Wu and Betz, 1996; Sanka-
fore, our studies reveal that the basic biochemical mech- ranarayanan and Ryan, 2000). Our calculations provide
anism underlying synaptic vesicle endocytosis relies on a simple explanation for this observation by suggesting
an evolutionarily ancient mechanism that can be traced that there is a relatively small amount of coat material
back as early as the prokaryotes. available at an active zone. In hippocampal synapses
and at the frog neuromuscular junction, the maximal
Limited Coat Proteins in the Nerve Terminal rate of synaptic vesicle endocytosis at an active zone
Injection of auxilin HPD into presynaptic terminals not is 1–2 per active zone per second (Wu and Betz, 1996;
only increased coated vesicle number by 500%, but also Sankaranarayanan and Ryan, 2000). Given the equiva-
reduced synaptic vesicle number by 52% (Figure 7). lent of 25–50 coats per active zone, this indicates that
There are several possible explanations for this impair- it takes approximately 13–50 s for the constituents of a
ment of synaptic vesicle endocytosis. It is possible that coat to form a coated pit, bud off the plasma membrane,
injected auxilin HPD could sequester clathrin into ag- translocate the coated vesicle, uncoat, and then make
gregates or cages, thus limiting the cytosolic pool of their way back to the plasma membrane to repeat this
clathrin that is required for the formation of CCVs. For local cycle.
example, overexpression of the clathrin binding do- In summary, our results reveal that the interaction
mains of auxilin, GAK, AP180, or CALM in heterologous between auxilin and Hsc70 is essential for CCV uncoat-
cell systems inhibits receptor-mediated endocytosis be- ing in neurons. These proteins are involved in a reaction
that restores synaptic vesicles to a releasable pool andcause these reagents sequester clathrin away from the
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the Hsc70 dissociated from the auxilin-coupled surface. The sur-suggests a role for CCV uncoating in setting the rate of
faces were then regenerated by a 1 min injection of 1 M guanidineendocytosis.
HCl. Prior to collecting the data shown in Figure 5, we established
that neither soluble IgG, BSA, or GST would interact with eitherExperimental Procedures
immobilized auxilin or auxilin HPD and that soluble Hsc70 would
not interact with immobilized IgG, BSA, or GST (data not shown).Protein Preparation
Auxilin was mutated with the QuickChangeTM Site-directed Muta-
Electrophysiologygenesis Kit (Stratagene, La Jolla, CA), utilizing auxilin (aa 547–910;
Electrical measurements were made on giant synapses in isolatedHolstein et al., 1996) as a template. The two primers used were
stellate ganglia of the squid, Loligo pealei (Morgan et al., 1999, 2000).5-GGCTGTGCTAGTGGTGGCCGCGGCTAAAGCTACTGGGCA
Ganglia were superfused with oxygenated physiological saline atACC-3, and 5-GGTTGCCCAGTAGCTTTAGCCGCGGCCACCACT
10–15C containing (in mM): 466 NaCl, 54 MgCl2, 11 CaCl2, 10 KCl,AGCACAGCC-3. Residues 874–876 were mutated from HPD to
3 NaHCO3, 10 HEPES, pH 7.2. Electrodes filled with 3 M KCl wereAAA. Hsc70 and clathrin were purified from bovine brain as de-
inserted into the presynaptic axon and the postsynaptic axon forscribed (Schlossman et al., 1984; Greene and Eisenberg, 1990; Hao
the purpose of stimulating synaptic transmission and recordinget al., 1997). Recombinant AP180 (aa 371–901; C51) was prepared
transmitter release, respectively. Synaptic transmission was evokedas previously described (Hao et al., 1997; Morgan et al., 2000).
by injecting a current pulse (0.7–1.9 A) every 30 s (0.03 Hz) intoRecombinant GST-auxilin (aa 547–910) and GST-auxilin HPD were
the presynaptic axon in order to elicit single action potentials. Trans-purified by glutathione-sepharose as described for GST-auxilin (Hol-
mitter release was measured by recording the initial rate of rise ofstein et al., 1996).
the resultant postsynaptic potentials. Signals were detected with an
Axoclamp-2A amplifier, then acquired and analyzed with AxobasicClathrin Cage Uncoating
programs written by F.E. Schweizer (UCLA).Uncoating of clathrin cages was assayed essentially as described
For microinjection, peptides and recombinant auxilin proteinspreviously (Barouch et al., 1994). Clathrin cages were prepared by
were diluted in physiological squid saline containing (in mM): 250overnight dialysis of clathrin and the C51 fragment of AP180, which
K-isothionate, 100 KCl, 100 taurine, 50 HEPES, pH to 7.4 with NaOH.has clathrin assembly activity, into 0.1 M MES-NaOH, pH 6.5. Cages
These solutions were injected from a microinjection pipette to thewere then pelleted at 100,000 	 g for 1 hr at 4C. The pellet was
presynaptic terminal by delivering pulses of positive pressure (10–80dispersed in buffer A (20 mM imidazole, 25 mM KCl, 10 mM (NH4)2
ms; 10–100 psi; N2 gas) from a Picospritzer injector (General Valve,SO4, 2 mM MgAc, 1 mM DTT, pH 7.0). The solution was clarified
New Jersey). FITC-dextran of similar molecular weight to the in-by centrifugation for 5 min at 10,000 	 g and used for uncoating
jected peptides or proteins (Molecular Probes; 3 or 40 kDa MW;experiments. For uncoating, 0.3–0.4 M clathrin cages were incu-
100 M) was coinjected with all reagents in order to measure thebated for 30 min at 25C with 0.45 M Hsc70 in the presence of 1
intraterminal reagent concentration over time. Fluorescence wasmM ATP and the indicated amounts of auxilin. The samples were
imaged with a Zeiss Axioskop (10	, 0.25 NA objective) and detectedspun at 450,000 	 g for 6 min at 4C, and the upper 80% of the
with a COHU SIT camera attached to an image processor (Image-1;supernatant was removed and quantified by SDS gel electrophoresis
Universal Imaging, Inc).using known amounts of clathrin as a standard. Inhibitors were
added to the reaction mixture prior to the addition of Hsc70 and
ATP. Clathrin uncoating in the absence of inhibitors was compared Electron Microscopy
to uncoating in the presence of inhibitors. The percentage inhibition Terminals were fixed for electron microscopy with 2.5% glutaralde-
of clathrin uncoating was plotted as a function of the inhibitor con- hyde after reagent injection inhibited synaptic transmission by
centration. 95%. Two terminals each were injected with either CytC pep,
RNase pep, Auxilin pep, Scrambled auxilin pep, auxilin, or auxilin
Hsc70 Binding to Clathrin Cages HPD. Fixed terminals were processed as described in Sanchez et
Clathrin was polymerized into cages in 0.1 M MES-NaOH, pH 6.0 al. (1990). An 80 nm section was taken every 50 m through the
in the absence of assembly proteins by overnight dialysis. Cages entire length of the synaptic terminal, resulting in 8–12 sections
formed were pelleted as described above and resuspended in a per injected terminal. Each section was magnified 12,000	 and
buffer similar to buffer A, but having 20 mM Mes-NaOH (pH 6.0) examined with a JEM-1200 ExII (JEOL, USA, Peabody, MA) electron
instead of 20 mM imidazole (pH 7.0). Hsc70 (0.6 M) that was prein- microscope. Analysis was performed using Image-1 software (Uni-
cubated with 150 M ATP for 15 min was added to the cages (0.4 versal Imaging, Westchester, PA).
M) in the presence of the indicated concentrations of auxilin or Distances between the plasma membrane and individual synaptic
auxilin HPD. After 30 min incubation, cages were pelleted as for vesicles or coated vesicles were measured as described in Hess et
uncoating, and the amount of Hsc70 remaining in the supernatant al. (1993). Because active zones are typically spaced about 1 m
was quantified by SDS gel electrophoresis. The amount of Hsc70 apart, synaptic vesicles within a 500 nm shell surrounding the active
sedimented in the presence of auxilin is the amount bound to cages, zone were measured in order to ensure that each synaptic vesicle
and was plotted as a percentage of the total Hsc70 that was added. was counted in association with only one active zone. The total
number of coated vesicles was counted throughout the entire nerve
terminal. The plasma membrane area of each terminal was mea-Surface Plasmon Resonance Experiments
Surface plasmon resonance (SPR) experiments were performed on sured from low magnification (500	) photographs. Such measure-
ments underestimate plasma membrane area because of small inva-a BIAcore 3000 SPR instrument, utilizing CM5 research grade chips
(BIAcore, Piscataway, NJ), as previously described (Morgan et al., ginations (Morgan et al., 1999). To determine the magnitude of this
effect, the perimeter of small regions of the plasma membrane was2000). Proteins were coupled at 25C with HBS (10 mM HEPES, 150
mM NaCl, 3 mM EDTA, 0.005% surfactant P20, pH 7.0) as running measured in high magnification images (12,000	) and used to cor-
rect perimeter measurements made at low magnification. Plasmabuffer at a flow rate of 5 l/min. Hsc70-auxilin interactions were
studied at 25C at a flow rate of 5 l/min in buffer A to which 2 mg/ membrane perimeter was then multiplied by the thickness of the
section (80 nm) to calculate the surface area of plasma membraneml CM-dextran and 0.005% P20 had been added as running buffer.
The surface of the chips were activated by a 6 min injection of 50% in each section. The surface area of synaptic and coated vesicles
was calculated as 4
r2, where r is the measured radius of theseN-ethyl-N-(dimethylaminopropyl) carbodiimide, 50% N-hydroxy-
succinimide. The same amount of GST-auxilin or GST-auxilin HPD vesicles. The surface area per vesicle was then multiplied by the
mean number of vesicles per active zone, yielding the amount of(1500 RUs, where RU  response unit) was immobilized at pH 5.0
on adjacent surfaces. After immobilization, each surface was vesicle area per active zone and then multiplied by the number of
active zones per section to yield the mean surface area in synapticblocked by a 6 min injection of ethanolamine (1 M; pH 8.5). Purified
Hsc70 (5 M) in buffer A was passed over the surfaces for 30 min and coated vesicles in each section. Vesicular structures that were
100–200 nm in diameter were defined as endosomes (Burns et al.,both with and without a 15 min preincubation of ATP (1 mM). This
was followed by a 120 min injection of Buffer A during which time 1998). Because their diameters were larger than the thickness of
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the section, their surface area was calculated as 2
r, where  is protein essential for clathrin-mediated endocytosis in vivo. Nat. Cell
Biol. 3, 215–219.the thickness of the section (80 nm).
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